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Abstract 
In the wood products industry, terahertz (THz) radiation is showing promise as a new 
remote sensing technology with many applications. The purpose of this project was to 
probe the interaction of terahertz radiation with wood to determine the extent of these 
possibilities. Three avenues of study were undertaken: 
1. Probe the cylindrical structure of wood in a reflection geometry, 
2. Study the birefringence of different species of oven dry wood, 
3. Study the extinction coefficient of different species of oven dry wood. 
These three studies increased our understanding of the interaction between THz radiation 
and wood. Prior to this study, the extinction mechanism in THz transmission through 
wood was an open question. Three mechanisms were identified: absorption by the vibra-
tional and rotational modes of the wood and water molecules; scattering by the dielectric 
cylindrical wood cells; and , diffraction by the earlywood-latewood pattern. This project 
determined that absorption by the wood and water molecules is the dominant extinction 
mechanism in transmission through wood, contributing to ,...., 90% of the signal attenua-
tion. 
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Chapter 1 
Introduction 
The most useful part of the terahertz (THz) frequency range falls within 0.3-3 THz and 
has sub-millimeter wavelengths. Terahertz radiation has several characteristics that make 
it potentially useful in industry. Electromagnetic radiation is not a new tool in indus-
try and technology; however , it is often limited by one or more of safety, t ransparency 
and resolut ion issues. The sub-millimeter wavelength spatial resolut ion available at ter-
ahertz frequencies is superior to that of microwaves or radio waves. In addit ion , many 
nonconductive dry materials are transparent at terahertz frequencies, allowing a unique 
perspective unattainable in the visible spectrum. Lastly, THz radiation is non-ionizing 
and poses no significant health concerns11J, unlike X-rays or Gamma-rays which are se-
rious health hazards. It is the merging of these three attributes that allow terahertz 
radiation to be a powerful new sensing and imaging technology that can be ut ilized out-
side the lab in practical industrial applications. One such industry is the wood products 
industry12J, which is likely to benefit significant ly from terahertz technology because THz 
radiation is sensit ive to the gross fibre orientation in value-added wood productsi3J. 
The science behind the interaction of THz radiation with materials is growing fast due 
to the vast potential of the applied t echnology in securityi4J, spectroscopy of pharmaceu-
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tical drugs[4], health care[1] and quality control[5] to name a few. Research into wood and 
the wood products industry was sparked when it was discovered that THz radiation had a 
sub-annular ring resolution when used to create a density map of beech wood[2J. Further 
work led to the discovery of wood birefringence at THz frequencies[3] and even the cause 
of the birefringence[6J. As a result , THz technology is currently undergoing practical ap-
plications testing in the oriented strand board (OSB) industry. Specifically, broad-band, 
pulsed THz radiation between 0.1 and 0.6 THz is used due to the nonlinear , complex 
interaction of wood with those frequencies and the attenuation of THz frequencies above 
this range. This project analyzed the potential applications of THz technology in the 
wood products industry by experimentally testing its ability to yield useful information 
in different applications of wood science. In order to determine the ultimate utility of the 
technology, I must understand the limits on penetration of THz radiation in wood. That 
is, to study full logs is important to the wood products industry, whereas studying only 
the first 1 mm of the log has a more limited value. In that context , the main contribution 
of this work was to identify the relative contributions to the extinction of THz within 
the wood which allows me to place bounds on penetration at these wavelengths. 
Drawing conclusions on the usefulness of THz radiation in wood science and industry 
required a methodical approach to control the variable parameters of wood (a very com-
plex material). Chapter 2 presents a background of the concepts which are referenced 
throughout this project. 
The first study performed was based entirely on analysis of data collected by Dr. M. 
Reid , Dr. I. Hartley and Tara Todoruk. Their experiment had two primary configura-
tions: THz in transmission and THz in reflection. It was shown by Todoruk[6] that THz 
in transmission is an excellent tool to determine the index of refraction and extinction 
coefficient of wood. However, information on the proportion of absorption and scattering 
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in the extinction coefficient cannot be determined. Chapter 3 discusses the results of 
using THz in a reflection geometry to determine the components of the extinction coef-
ficient . 
Chapter 4 retraces the steps taken by Todoruk16J to determine the birefringence of 
wood at THz frequencies, and extends it statistically. In this chapter , hundreds of sam-
ples from 5 different species and all faces (radial, tangential and cross-sectional) of wood 
are studied using THz radiation. The waveforms , indices of refraction and birefringence 
are compared within and between each species in each facial orientation. Despite the 
increased number of samples, the variance in birefringence indicates THz may not be a 
viable tool in species differentiation. However , the ability of THz to deconvolve density 
and fibre orientation may indicate the THz technology still has a place in the wood prod-
ucts industry. 
A study of the relative contributions to the extinction coefficient in THz transmission 
through dry wood is presented in Chapter 5. This broadens the previous results on the 
birefringence and brings us closer to understanding the nature of the interaction of THz 
radiation with wood. This chapter used hundreds of samples from 5 different species and 
all faces (radial, tangential and cross-sectional) of wood. The extinction coefficient is ex-
tracted from the THz spectroscopic data and compared with theoretical values obtained 
from effective medium theory17J. This qualitative analysis does yield interesting results; 
however, the variability within and between species due to the complexity inherent in 
wood indicates that more study is required. 
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Chapter 2 
Background 
2.1 Terahertz Radiation 
The terahertz frequency band is located between the infrared and microwave portions of 
the electromagnetic spectrum, as can be seen in Figure 2.1. Most common applications of 
terahertz radiation use the frequency range between 0.3 -3 THz which has sub-millimeter 
wavelengths IS]_ 
Radio waves Micro waves "THz" lnfnred Uln·aviolet X-rays ---. 
1011 1014 lOIS 1016 
Frequency (Hz) 
Figure 2.1: Electromagnetic spectrum19J. 
The use of electromagnetic radiation in industry and technology is often limited by 
one or more of safety, transparency and resolution. The spatial resolution available with 
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sub-millimeter wavelengths associated with terahertz frequencies is superior to those of 
microwave radiation and many nonconductive dry materials are transparent at terahertz 
frequencies , allowing a unique perspective unattainable in the visible spectrum. Lastly, 
THz radiation is non-ionizing and poses no significant health concerns11l . These three 
attributes combine to allow terahertz radiation to be the framework of a new sensing 
and imaging technology that can be utilized outside the lab in practical industrial ap-
plications. One such industry is the wood products industry12l, which is likely to ben-
efit significantly from terahertz technology due to the added unique characteristic that 
THz radiation is sensitive to the gross fibre orientation in wood and value-added wood 
products!3]_ THz science has advanced to the level that is is currently being assessed in 
an industrial wood products setting. It was the goal of this project to further the under-
standing of the science behind the application of THz technology in the wood products 
industry. 
2.1.1 Terahertz Generation 
Two different Picometrix THz generating systems were used in this project. In Chap-
ter 3, the T-Ray 2000 was used at the Picometrix facility in Ann Arbor, Michigan. In 
Chapters 4 and 5, an upgraded T-Ray 4000 was used at UNBC in Prince George. Both 
machines employ a photoconductive THz generation scheme, the latter simply being a 
newer version of the same device. Each of these systems is described in the specific chap-
ter. 
The Terahertz frequency band was formerly referred to as a gap in the electromag-
netic spectrum. This is because generation of light at THz frequencies is technologically 
difficult. There are many methods to generate terahertz radiation at specific frequen-
cies; however, the work in this project required a broad-band pulsed source in order 
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to probe the structure of t he wood. With the development of ult ra-fast femtosecond 
lasers combined wit h advancements in THz emitter and detector technology two stan-
dard broad-band emitter/ detector configurations have been developed: optical rectifica-
tion and photoconductive switches. The former of these two methods is discussed below. 
Photoconductive Generation 
Photoconductive generation of THz radiation uses a femtosecond laser pulse and a biased 
photoconductive switch built on a semiconductor substrate. If t he incident laser has an 
ultrashort pulse ( rv 100 fs)' a similarly short ( rv 300 fs) electrical pulse will be produced. 
This t ransient electrical pulse will radiate proport ionally to d J wit h wavelengths in the 
terahertz frequency range. 
When femtosecond laser pulses are incident on a biased semiconductor they form elec-
t ron hole pairs , or charge carriers, as the electrons are promoted to the conduction band 
in the semiconductor . This changes t he substrate from an insulating to a conducting 
state. The increase in charge carriers leads to a rise in current density and creates a 
t ransient current that radiates at THz frequencies. 
The characteristics of the pulse produced is heavily dependant on t he semiconductor 
used[l0] which tend to be GaAs and low-temperature grown GaAs (LT-GaAs). These 
generate pulsed THz radiation with the highest reported conversion efficiency[ll ][ l 2J. 
The LT-GaAs has a high breakdown field , sub-picosecond carrier lifetime and reasonably 
good mobility, which makes it the more common semiconductor choice for photoconduc-
tive THz generation[l3J. 
In photoconductive generation the optical pulse is used merely as an excitation pulse 
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with . the power of the emitted terahertz field scaling with the square of the . bias field. 
Since the output power does not require a high intensity laser pulse, amplified lasers are 
not necessary. Lastly, the laser can be fibre optically coupled to the system, making 
photoconductive generation a more cost effective, efficient and robust THz generation 
system than optical rectification for example. 
In this project, data from two photoconductive generation systems was analyzed: (i) 
the Picometrix T-Ray 2000 Research Application Development System in Ann Arbor, 
and (ii) the Picometrix T-Ray 4000 Time Domain THz System at UNBC. Both systems 
use fibre-coupled optical lasers to drive photoconductive emitters and detectors with a 
bandwidth between 0.02 and 3 THz. 
2 .1. 2 THz detection 
P hotoconductive Sampling 
Photoconductive sampling is a coherent detection scheme where both the amplitude and 
phase of the THz fields are measured directly. This scheme uses a gated photoconductive 
antenna to measure charge accumulation in a gating window provided by an ultrafast 
optical pulse. The output signal is dependent on the incident THz field as well as the 
parameters of the photoconductive switch itself. When terahertz detection is performed 
with a short dipole on a substrate with a lens, the voltage across the photoconduc-
tive gap is directly proportional to the incident terahertz field amplitude, provided the 
recombination time of carriers, or trapping time, is sub-picosecond[l4J. Normally a pho-
toconductive switch works by measuring the current across a voltage biased conductive 
gap. In the case of terahertz detection, the THz field itself acts as a voltage bias for 
the photoconductive switch. A map in time of the THz field can be generated by gating 
the photoconductive switch between high and low conductivity states via excitation of 
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carriers to the conduction band in the substrate using an ultrafast laser as a probe. Since 
the semiconductor substrate has a finite time response, the measured signal will not be 
a true representation of the terahertz field, but a convolution of the THz field and the 
time-dependent conductivity of the substrate. An additional distortion results from the 
frequency dependence of the photoconductive switch itself. This method tends to have a 
better signal-to-noise ratio and sensitivity than that of electro-optic sampling while the 
bandwidth is much more limited!lO]_ 
2.1.3 Applications of Terahertz 
The many applications of THz technology include, but are not limited to, security!4J, 
medical applications!1J and quality control of manufactured products!5l. It has been 
shown that THz radiation can also be applied to the wood products industry since, at 
THz frequencies, a density map of wood can be created!2J and wood exhibits strong 
birefringence!3J_ The ability to extract data from THz transmission scans of wood prod-
ucts such as submillimeter resolution images, and gross fibre structure resulted in signif-
icant interest in its potential for use in the industry. 
One specific application is currently being assessed - the use of THz density mapping 
and critical parameter extraction of oriented strand board (OSB). Figure 2.2 shows a 
THz transmission mapping of a piece of pressed oriented strand board next a picture 
of the same piece of OSB. This provides information on the uniformity of the board, as 
well as allows for the mathematical extraction of the strength properties and moisture 
content of the board. It also has the potential to measure the gross fibre structure (which 
is related to the strength!l5]) of the oriented strand board and provide this information 
in real time. This is of interest to the industry as it provides the ability to optimize their 
production and minimize material costs (their largest expense) in the process. 
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Figure 2.2: Peak THz map of pressed OSB and corresponding image at visible wave-
lengths. Darker blue means more field attenuation. The dark spots in the top left, top 
right and bottom right are where tinfoil was placed to block the THz signal and aid in 
orienting the density maps similarly to the optical photographs. 
2.2 Wood Anatomy 
Wood species fall into two main groups: softwoods and hardwoods. The hardwoods are 
angiosperms, which consist of the leaf bearing trees, and the softwoods are gymnosperms, 
which consist of the needle and cone bearing trees. Softwoods and hardwoods both fun-
damentally have a similar structure, although hardwoods are much more complex[16J. 
After comparing Figures 2.3 and 2.4, it can be seen that hardwoods are much more 
complex with more types of cells but they both have similar structures. The difference 
between the two types of wood indicate a necessity to study both hardwood and softwood 
species. The structural difference between them (hardwood tends to be less ordered and 
repetitious than softwood) should be evident and will hopefully lead to species differen-
tiation. More detail on the structure of softwoods and hardwoods will be described below. 
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2.2.1 Softwoods[l7] 
Figure 2.3: Softwood structure.117] 
In softwoods, two main types of cells are present: t racheids and parenchyma cells. Tra-
cheids provide both physical support and conduction of water and sap, while parenchyma 
cells provide storage of nutrients. Tracheid cells are long, hollow, and needle shaped , and 
are generally between 2.5 and 5 millimeters in length , although they can extend to as 
long as 10 millimeters. The t racheid cells are packed tight ly together , and t he orienta-
tion of these cells provide the grain orientation , while the parenchyma cells are major 
components in rays, which run radially in the cross section of woodi16J, which can be 
seen in Figure 2.3. 
2.2.2 Hardwoods[l7] 
Hardwoods are made up of four main types of cells: t racheids, which provide support and 
conduction; parenchyma cells, which provide storage of nutrients; fibres, which provide 
support ; and vessels, which provide conduction of sap, which can be seen in Figure 2.4. 
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Figure 2.4: Hardwood structureJ17) 
In hardwoods, the majority of the mechanical tissues are wood fibres, which are narrow, 
spindle-shaped cells, similar to tracheids, although pointier and shorter. Generally wood 
fibres are usually only 1 mm in length. The orientation of these cells provide the grain 
or fibre orientation[l6]_ 
2.2.3 Moisture Content 
Since THz radiation is strongly absorbed by water , it is important to control and quantify 
the moisture content in wood when undertaking THz spectroscopy. Wood absorbs mois-
ture from the atmosphere, and therefore it is important to control the moisture content 
and exposure time to the atmosphere in order to avoid unnecessarily complicating THz 
measurements. It is therefore useful to briefly discuss the moisture content of wood. 
Water is found in wood as free water and bound water. Free water is held by cap-
illary forces and is not bound chemically. On the other hand , bound water is hydrogen 
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bonded to the negatively charged free hydroxyl (OH) groups in cellulose, hemicellulose 
and lignin due to water being a polar liquid117J. The point in the drying process when all 
free water has been removed is called the fibre saturation point. The attenuation of the 
THz signal from absorption by free water is larger than the absorption by bound water118J. 
When wood is exposed to different atmospheric conditions such as changes in temper-
ature and humidity the moisture content shifts to remain in equilibrium. This equilibrium 
is also affected by factors like previous drying, mechanical stress, extractives and species. 
Wood that is freshly harvested, or "green" wood, generally has a higher moisture content 
than conditioned wood. When wood is conditioned at a specific relative humidity, the 
moisture content comes to an equilibrium position defined by the oven dry base: 
(2. 1) M.G. = (m- mod) X 100% 
mod 
where M.G. is the moisture content, m is the mass of the conditioned sample and 
mod is the mass of the oven dried samplei19][20J. 
2.2.4 Birefringence and the Index of Refraction 
The refractive index of a material is a measure of how much the speed of light in the ma-
terial is changed from the speed of light in a vacuum. Specifically, the index of refraction 
is the ratio of the speed of light in a vacuum divided by the speed of light in the medium. 
Some materials exhibit birefringence, which refers to a change in the index of refrac-
tion based on the orientation of the material to the polarization of incident light . Bire-
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fringence in wood has been extensively studied, from proving that wood is birefringent!21 
to defining the origins of birefringence in wood!21J at terahertz frequencies. This property 
is pivotal in defining the potential wood parameters that THz radiation can resolve. 
2.2.5 Wood as an Attenuator of Terahertz Radiation 
When wood is illuminated with terahertz radiation a decrease in the detected field 
strength is noted. This decrease is observed in both transmission and reflection geome-
tries. Dr. Reid and Dr. Fedosejevs suggest that the comparison of these detected fields 
would yield information on the extinction mechanisms of terahertz radiation in wood!3J_ 
The signal is attenuated by three different mechanisms: absorption by the wood cells, 
absorption by water and scattering by the wood structure. These factors all contribute 
to an eventual loss in the signal amplitude that is detected. By controlling the three 
factors separately, information can be determined on the wood properties that cause the 
attenuation. 
2.3 Apparatus 
The THz radiation in this experiment was generated with two different versions of the 
Picometrix T-Ray controller. The work in the Chapter 3 was completed with the T-Ray 
2000 and the remaining research was completed at UNBC with the T-Ray 4000. Due to 
the similarities between the two machines I will solely discuss the T-Ray 4000 as it was 
used more extensively. 
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2.3.1 Terahertz Controller 
The T-Ray 4000 is comprised of a pulsed terahertz controller , t ransmit t er and receiver 
heads and a laptop with Picometrix 's proprietary T-Rex software. The T-Ray cont roller 
box houses a femtosecond fibre laser and related circuit ry and opt ics. The t ransmitter 
and receiver were fibre-optically coupled to t he cont roller and emitted a single cycle of 
terahertz radiation produced by photoconductive generation. The THz pulse interacts 
with the sample in question , whose propert ies can be ascertained using the resultant 
measurements (time of flight , attenuation, etc) . 
The base model T-Ray 4000 used in this project work had been upgraded from the 
original model and as such had different technical specifications t han advert ised. The 
two notable changes were an increase in waveform acquisition rate from 100 to 1000 Hz 
and a decreased time window from 320 to 80 ps. The increase in acquisition rat e allowed 
the THz system to be used in real-t ime dat a processing and the reduced t ime window 
still easily displayed the ent ire THz pulse. Neither of these changes negatively affected 
the data acquisition in this project ; in fact , t he increase in pulse generation rate allowed 
for better experimental st atistics since the data could be averaged over a larger number 
of waveforms. 
The emitter and detector heads are attached to the controller box with 10 m long 
umbilical cables. These cables consist of an electrical cable and a fibre optics cable both 
in a mesh housing. The T-Ray 4000 was controlled , and the data accessed via an ether-
net connection to the laptop. Wit h all three components (controller , emmitter / detector 
heads and laptop) connected properly the T-Ray 4000 was ready for use and measure-
ments could be t aken. 
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2.3.2 Taking Measurements 
The majority of data for this project was taken using terahertz spectroscopy in transmis-
sion, but Chapter 3 employed terahertz spectroscopy in reflection as well. An open air 
set-up was employed, shown in Figures 2.5 and 2.6. The analysis was carried out using 
the ratio of the attenuated signal to the reference signal so the effects of the moisture 
in the air and optical path length were effectively nullified as long as they remain constant. 
Figure 2.5: T-Ray 2000 in a transmission geometry. 
A transmission configuration consisted of an emitter and detector linearly aligned 
with a sample placed between them. The beam was narrowed using an aperture so that 
the THz beam transmits exclusively through the sample and was not diffracted around 
its edges. With all of the optical components in place (emitter, detector, sample holder) 
excluding the sample, a reference scan was taken. This was followed by a scan of the 
sample in the same configuration which was related to the reference scan as is discussed 
in Chapter 3. 
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Figure 2.6: T-Ray 2000 in a reflection geometry. 
A reflection configuration consisted of an emitter and detector that were not co-linear 
where the radiation was reflected off of the sample (45° for this experiment) towards the 
detector. Two reference scans were required: one to determine the magnitude of the 
long-wavelength THz radiation reflected from the sample holder , and the second with a 
gold-coated mirror in the sample holder. The reference taken with just the sample holder 
is called the background THz radiation and was subtracted from the measurements to 
properly analyze the reflection data. 
2.3.3 Analysis of Data 
Both the transmission and reflection scans yielded large amounts of data which was ana-
lyzed numerically with GNU Octave in order to determine properties such as the indices 
of refraction and extinction coefficients. These, in turn, lend information on secondary 
properties such as birefringence and density, as well as potentially fibre orientation and 
species. The mathematical specifics behind the analysis will be discussed further on in 
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Chapter 3. 
GNU Octave is a freeware computing language freely available under the GNU prod-
uct license. It is mostly compatible with MatLab (using virtually the same syntax) , and 
primarily intended for numerical computations. A link to its source website can be found 
in the citationsf22J. The GNU Octave interface is similar to other computing languages 
in that it is command line driven. Using Octave, one can solve linear and nonlinear 
problems numerically. 
17 
Chapter 3 
Probing Wood Structure with 
Terahertz in Reflection 
In the summer of 2006, Dr. Reid , Dr. Hartley and Tara Todoruk gathered research 
data on the interaction of THz radiation with wood in both t ransmission and reflection 
geometries. The THz for the study were generated wit h the T-Ray 2000. 
Using the T-Ray 2000, both t ransmission (Figure 2.5) and reflection (Figure 2.6) ge-
ometries were analyzed. For each species of wood there was t ransmission data measured 
for horizontal and vert ical polarizations, at visual wood grain orientations of 0, 45 and 
90 degrees. These measurements were taken for one sample of western larch (Larix occi-
dentalis) , t hree samples of trembling aspen (P opulus tremuloides) , and four samples of 
Western Canadian white spruce (Picea glauca var. albertiana) . For one sample each of 
aspen, larch, and spruce, there is also transmission data at visual wood grain orienta-
tions from 0 to 90 degrees in 10 degree increments. For one sample each of aspen , larch, 
and spruce, reflection dat a at visual wood grain orientations from 0 to 90 degrees in 10 
degree increments was obtained. Finally, reference signals for both the transmission and 
reflection geometries, where the transmission reference was taken with no sample in , and 
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the reflection reference was taken with a gold mirror in the sample holder were recorded. 
3.1 T-Ray 2000 
The T-Ray 2000 Research Application and Development System at the Picometrix fa-
cility, in Ann Arbor, Michigan is a research device that is suited for spectroscopy and 
imaging from 0.02 to 3.0 THz. The T-Ray 2000 system has a 100 fs laser source with an 
80 MHz repetition rate, and uses photoconductive generation and sampling[23J_ 
3.2 Terahertz Extinction in Wood 
When wood was illuminated with THz radiation there was a decrease in the detected 
field strength. This decrease was observed in both transmission and reflection geometries. 
Reid and Fedosejevs suggested that the comparison of these detected fields would yield 
information on the extinction mechanisms of THz in wood [3]. 
The motivation behind the accumulation and analysis of this data was to compare 
THz spectroscopy of wood in transmission to spectroscopy in reflection. This comparison 
would be of interest in determining the primary THz extinction (scattering and absorp-
tion) mechanisms in wood. In transmission through the radial face of oven-dried wood, 
THz was absorbed by the wood cells and scattered by the dielectric cell structure. In 
a reflection geometry the signal attenuation comes from scattering by the dielectric cell 
structure, but not from absorption. Upon comparison of signal loss in transmission and 
reflection geometries, the contribution of scattering and absorption to the extinction can 
be quantified which could have potential application in species identification and quality 
control of wood products. 
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3.3 Terahertz in Transmission 
The purpose of this experiment was to extract information from the detected waveforms. 
For the frequency dependent method, coherent detection was examined to find the full 
dielectric function for the wood. This was done by starting with the ratio of the THz 
signal transmitted or reflected by the wood over the reference THz signal: 
(3.1) 
where Ew is the detected signal, Er is the reference signal in the frequency domain , 
iiw is the complex index of refraction for the wood sample, iia is the complex index 
of refraction of the air and taw and twa are the Fresnel coefficients of wood-to-air and 
air-to-wood interfaces , respectively. The Fresnel coefficient is defined as: 
(3.2) 
where iii is the index of refraction of substance i and iii is the index of refraction of 
substance j. The index of refraction for air, iia, is taken as 1 and the complex index of 
refraction for wood is defined to be: 
(3.3) 
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This gives the following, analytically derived, values for the index of refraction and 
total extinction coefficient for wood: 
and 
Be 
nw =--- +1 
21rvL 
(3.4) 
(3.5) 
where R and () are the amplitude and phase angle of the complex ratio of the transmit-
ted to reference spectra as determined by writing the ratio for the wood and reference 
signals in Euler form: ReiB[24] and v is the frequency, c is the speed of light and L is the 
thickness of the wood sample. 
As expected with THz in transmission through different species of wood, a notable 
time delay and decrease in signal strength could be seen. Figure 3.1 shows the THz wave-
forms. The waveform properties are potentially species dependent, a possibility that will 
explored be in the next chapter. 
Figure 3.2 shows the index of refraction for birch samples. Figures 3.2, 3.3, 3.4 used 
birch samples purchased from from a local hardware store in Prince George and cut into 
square wafers roughly 4 mm thick and 4 em in height and width. The samples were cute 
from the radial plane of the lumber , such that the visible wood grain was in the plane 
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Figure 3.1: THz waveforms averaged over 110 samples in transmission through the radial 
face of birch. 
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of the wafers and parallel to one edge. It is graphed for both parallel and perpendicular 
orientations of the wood. 
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Figure 3.3: Birefringence for birch in transmission through the radial face, averaged over 
110 samples. 
It was expected the index of refraction should be approximately constant over the 
frequency range and I saw that the calculated value was constant within error. The 
difference in the index of refraction between the orientation of the wood allowed for a 
conclusion to be made on the birefringence of wood as is shown in Figure 3.3. 
Unlike the index of refraction , the extinction coefficient is heavily dependent on the 
frequency, as is shown in Figure 3.4. In transmission, the information about the extinc-
tion coefficient is reliable at lower frequencies where it is approximately linear (discussed 
in Chapter 5). In comparison with the extinction coefficient in reflection, it could give 
us information on the extinction mechanisms in wood. 
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3.4 Terahertz in Reflection 
In the case of reflection geometry in the frequency domain, we can also calculate the 
index of refraction and extinction coefficient. Two methods present themselves, one 
being entirely numerical and the other using analytical methods before solving the index 
of refraction and extinction coefficient numerically. The following is an overview of the 
analytical work to solve for the two constants. I started with the equation: 
(3.6) 
where Ew and Er are the THz fields in the frequency domain reflected from wood and 
the reference reflection scan respectively, v is the frequency and R ei0 is the ratio of 
the reflected field to the reference field in Euler notation. Using the Fresnel reflection 
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coefficient124J we get: 
Ew(v) = ReiB = -ii2cos() + v'ii2 - sin2 () 
Er(v) ii2 cos()+ v'ii2 - sin2 () 
(3.7) 
which yields a quadratic equation: 
(3.8) 
that can be solved for ii2: 
(3.9) 
2()[ (l+Rei0)]2. 2() 1 - 4 cos (l-Reiil ) sm 
ii2 = --~---------------n------
2 cos2 () [ (l+Re'o)] 2 
(l-Re•il ) 
1± 
The values that use the negative root yielded negative (non-physical) indices and were 
therefore erroneous and the values that used the positive root were correct so the positive 
root was taken as the solution. The real and imaginary parts were used to solve for the 
index of refraction and extinction coefficient, respectively. 
For the reference signal in the reflection geometry, I had to take into account the 
Fresnel reflection coefficient for gold. That means that the reference signal is: 
(3.10) 
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where Er is the reference signal, Ein is the scan taken with the gold mirror, and fgold is 
the reflectivity of gold. In order to find the reflectivity of gold, we need to look at the 
Drude model for low frequency AC conductivity: 
(3.11) 
_ cr(O) 
0' = --'--'---
1- iwT ' 
where cr(O) is the DC conductivity, w is the angular frequency, and T is the scattering 
time[25J. At 20°C, it was found that the DC conductivity for gold is cr(O) = (22.14 n)- 1, 
and the scattering time is T = 25 fs[26J. When combined with the positive root in 
equation 3.9, a more workable equation was: 
0' . 
n= ( )2 (1+zwT). 1 + WT (3.12) 
For a perfect metal , the relationship between conductivity and index of refraction[27] 
IS: 
- 1/ 2 
ii = [1 + i_!!__] ' 
EoW 
(3.13) 
where Eo is the permittivity of free space[24l. Simplifying this down, we get: 
(3.14) 
26 
a = 1 - fo ( l.;~7 ) 2 ), and b = fow( l.:(wT)2) . Solving this gave a phase shift of -1r that 
came from the reversal of the electric field upon reflection. Considering only external 
reflection, this reversal occurred for a transverse electric field at any angle of incidence, 
and for a transverse magnetic field at an angle of incidence less than the polarizing angle 
(Brewsters angle = 56.3o)[24J. This means that the reference signal is: 
E E - in r = in e . (3.15) 
There was also a background scan done without the mirror in order to determine 
the amount of ambient THz radiation scattered off of the sample holder. This ambient 
radiation needed to be subtracted from both the signal reflected from the wood and the 
mirror, in order to remove all stray reflections from the data. During analysis, the data 
needed to be truncated at a point where the signal was zero , making sure to avoid mod-
ulations in the frequency domain. 
Figure 3.5 shows the extinction coefficient of larch in reflection for both wood orien-
tations. Again , the coefficient is heavily dependent on frequency. However , what is more 
noteworthy is the values that the coefficient is taking - negative values to be specific. It 
is not possible to obtain a negative extinction coefficient in this experiment since that is 
non-physical, and therefore not correct. The source of this problem will be examined next. 
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Figure 3.5: Extinction coefficient of larch obtained using THz reflection spectroscopy. 
3.5 Error in the Extinction Coefficient 
The erroneous result comes from the posit ional accuracy of wood sample and gold ref-
erence mirror. One can calculate the error in the extinction coefficient ( 8a) , int roduced 
because of posit ional accuracy. This error can be represented as the product of t he gra-
dient of the extinction coefficient versus phase ( ~¢) and the error in t he phase, 8¢; which 
is caused by the error in sample posit ion , ~x as follows: 
(3. 16) 
where 8¢ = 2t..f2n, which after substit ut ion yields 
J> _ da 2~x27r 
ua - d¢ A (3 .17) 
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for ,\ = 0.5 THz, .6.x = 15 J-tm and ~¢, ~ 160 cm-1 and we find 
(3 .18) 
I expect an a~ 2- 4 cm-1 . Therefore the error is far too large. 
After a closer inspection of the nature of the extinction coefficient with respect to 
phase, it was realized that the precision necessary to obtain t he extinction coefficient 
with reasonable accuracy is 1 J-tm . This is because the extinction coefficient is partic-
ularly sensitive to the phase change. Figure 3.6 shows a small , approximately linear 
section of the extinction coefficient vs phase plot between -1r and 1r /2. Even in this 
small section the coefficient increases three orders of magnitude. 
Using the same error analysis methodology for the index of refraction yielded 
8n ~ ±0.08 (3. 19) 
therefore, for an average n ~ 1.3, the conclusion was that 8n is an acceptable error when 
calculating the index of refraction. However , for an error in the index of refraction of 
8n ~ ±0.08, the error in the birefringence is 8.6.n ~ ±0.1. When compared to birefrin-
gence values of .6.n ~ 0.1 , the error is unacceptably large. 
Unfortunately, after comparing the peaks of the THz waveforms for the three species 
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in reflection on a time scale, it was found that they were positioned to an accuracy of 
15 J-Lm which yielded the observed non-physical result. This positional accuracy could be 
improved in the future by removing the need for positional accuracy by putting a layer 
of silicon over each sample and using the first reflection off of the silicon as the reference 
waveform. The future aside, the requirement of the extinction coefficient for more po-
sitional accuracy means that one cannot yet make a quantitative statement about the 
nature of the extinction mechanism of THz in wood. 
3.6 Summary 
THz in transmission has been shown to be very useful in thin samples, yielding both 
the birefringence and extinction coefficient - both parameters of interest to industry. 
Conversely, probing the structure of wood with THz in reflection requires a different 
technique than that used in this chapter due to the sensitivity of the extinction coeffi-
cient to the phase. The results of this chapter suggest that any porous dielectric material 
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from bones[28] to fib erglass[29] can be studied using THz technology. 
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Chapter 4 
Deconvolving Critical Wood 
Parameters from THz in 
Transmission 
The results on the data collected in Chapter 3 showed that reflection spectroscopy was 
not a practical method to determine wood characteristics with terahertz radiation due to 
the degree of accuracy required for the placement of the mirror and the sample. Trans-
mission spectroscopy however was effective in extracting the index of refraction and 
the extinction coefficient. These parameters may be able to resolve information on the 
physical structure of the wood as well as provide information on the birefringence and 
density. Work has already been completed on the origins of wood birefringencei21 J with 
the conclusion that it is due to both the anisotropic structure of the wood fibres and the 
intrinsic properties of the crystalline cellulose. With that in mind , this chapter will focus 
on transmission spectroscopy of THz radiation through wood with the goal of concluding 
the degree to which the birefringence can be obtained accurately - rather than why wood 
exhibits that property. 
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4.1 Experimental Design 
4.1.1 Apparatus 
Figure 4.1 is a schematic of the T-Ray 4000 oriented for transmission spectroscopy 
through a wood sample. 
-ETH: 
I Emitter I JJ\r _;'\. ~·- I Detector f .. ; 
Figure 4.1: Vertical transmission configuration of the T-Ray 4000 through a wood sample 
where the polarization is parallel to the visible grain. 
4 .1.2 Samples 
Acquiring good statistics was the largest consideration while preparing the samples for 
this study. Both quality and quantity were needed if reliable results were to be obtained. 
With that in mind , five species of wood were cut into 5 em squares between 1.5 and 3 mm 
thick. For each species, 330 samples were prepared, 110 for each face (radial, tangential 
and cross sectional) of the wood. The species were Western Canadian white spruce (Picea 
glauca var. albertiana), lodgepole pine (Pinus contorta) , Douglas-fir (Pseudotsuga men-
ziesii, trembling aspen (Populus tremuloides) and paper birch (Betula papyrifera). Due 
to the large variability in initial moisture content and the high extinction rate of THz in 
water , the samples were vacuum oven dried to 0% moisture content. This was verified by 
monitoring the mass of the samples; a sample was considered oven dried if it maintained 
a minimum mass over a 24 hour period. The samples were removed from the oven in 
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groups of ten to reduce error of moisture adsorption from the relative humidity in the air. 
4.1.3 T-Ray 4000 
In the experiments of Chapters 4 and 5, the apparatus was upgraded to the T-Ray 4000. 
It has an 80 ps time window, 400 data points per waveform having a bandwidth exceeding 
0 - 2 THz and generates THz pulses at a rate of 1000 Hz. 
4.2 Analysis 
Spectral data from the T-Ray 4000 was analyzed as described in Section 2.3.3. Using 
this method a plot of the THz field as a function of time can be created for the transmit-
ted, reference, and sample signals as shown in Figure 4.2. A fast-fourier transform was 
performed on the time-domain signal in order to transform it into the frequency domain. 
Figure 4.3 shows the THz field as a function of frequency. As outlined in Section 3.2 
the indices of refraction can be determined for polarizations parallel and perpendicular 
to the visible grain between 0.1 and 0.5 THz. The indices of refraction for spruce, pine, 
fir , aspen and birch were calculated using Equation 3.4 from the ratio of the sample 
and reference scans. The birefringence was determined as the arithmetic mean of the 
difference between the perpendicular and parallel index of refraction over all 110 sam-
ples. Frequency bins were set-up as 0.01 THz intervals, each with a minimum of three 
means , where the average birefringence over that interval was found and plotted against 
the corresponding mid-value of each frequency bin along with the plotted error (Figure 
4.5) of one standard deviation from the birefringence value for each frequency bin. This 
excluded the cross sectional fir which required a different analysis (discussed below). Ta-
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Figure 4.2: THz waveforms in transmission for the reference and transmitted electric 
field parallel and perpendicular to the visible grain of the radial face of birch. Waves are 
averaged over 110 samples. 
ble 4.1 shows the average values over the frequency range of 0.1 - 0.5 THz for visible 
grain orientations parallel and perpendicular to t he THz electric field. The differences 
between the index of refraction of the perpendicular and parallel orientations gave the 
birefringence. A quantitative investigation of the birefringence for all three facial orien-
tations is t he scope of t his chapter. 
Table 4.1: Table of average birefringence values between 0.1 and 0.5 THz, averaged over 
110 samples, ± one standard deviation from the mean. 
I Species I Face I Birefringence I 
Spruce Radial 0.1000 ± 0.0003 
Pine Radial 0.1053 ± 0.0004 
Aspen Radial 0.0773 ± 0.0005 
Fir Radial 0.111 ± 0.001 
Birch Radial 0.0646 ± 0.0003 
Fir Tangential 0.074 ± 0.006 
Fir Cross Sectional -0.01 ± 0.03 
Birch Cross Sectional -0.01 ± 0.02 
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Figure 4.3: Frequency spectrum of the T-Ray 4000. 
4.2.1 Bire fringence 
Select birefringence results of some of the species are plotted as a function of frequency, 
using the same procedure as in the previous section, between 0.1 and 0.5 THz (excluding 
fir which only was calculated up to 0.4 THz). Figures 4.5 , 4.6 and 4.7 show the birefrin-
gence for the radial face of all the species, the tangential face of just fir and the cross 
sectional face of birch and fir. 
The following is an explanation of how the birefringence was computed in transmis-
sion through the cross sectional face. Figure 4.4 shows the THz waveforms for fir in 
transmission through the cross sectional face. Multiple waveforms can be seen following 
the original sample pulses. For convenience, when the visible latewood rings are pa,rallel 
to the electric field, the polarization was considered parallel, and similarly for a perpen-
dicular orientation. However, the secondary pulses are only seen in the cross section (not 
in the radial or tangential orientations) possibly due to a strong circular birefringence. 
To compensate for this, rather than numerically calculating the indices from the ratio 
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Figure 4.4: THz signal in transmission through the cross sectional face of fir , averaged 
over 110 samples. ote the extra pulses that occur for the sample signals after the 
original. As well, the time delay between the sample peaks give the birefringence. 
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Figure 4.5: Birefringence of spruce, pine, fir, birch and aspen in transmission through 
the radial face, averaged over 110 samples, and nonlinear, quadratic trend lines. 
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averaged over 110 samples, and nonlinear, quadratic trend lines. 
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EEw in the frequency domain, the time difference between the peaks of each transmitted ~~ . 
pulse and the reference are compared in the time domain and the index is derived as 
follows, 
( 4. 1) 
where c is the speed of light, Ot is the t ime difference between the reference and sample 
peaks and L is the thickness of the sample. 
The results shown in Table 4.1 for the birefringence seen in the different faces are 
expected. The birefringence for the radial and tangent ial faces should be similar given 
that they have the same cylindrical symmetry with respect to the polarized field. As 
well , the birefringence in the cross section should be approximately zero as the cellular 
structure is (mostly) isotropic in t he polarization plane. 
The birefringence results are important to t he application of THz radiation t echnol-
ogy to the wood products industry in two ways. First, the ability to clearly distinguish 
between hardwoods and softwoods in the THz regime can be applied to wood products 
that need t o use only hardwood or only softwood. Second, many value added wood 
products ( OSB, plywood, particle board , et c.) have critical properties such as modulus 
of elasticity and modulus of rupture that are dependant on the gross fibre orientation. 
The wood products industry would be able to benefit from the ability to det ermine the 
birefringence and potentially improve efficiency and quality. 
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4.3 Summary 
In conclusion, it can be seen that the birefringence varies within and between species. 
The birefringence results for each facial configuration are in agreement with the expected 
results. In particular , the cylindrical similarity between the radial and tangential faces 
with respect to t he polarization and the isotropy of the cellular structure in the cross 
section was evident in the results. In concordance with the results by Todoruk[2l J, and 
in extension of them to the other facial orientations of wood , it was found that the vari-
ability of the birefringence within species was too large to allow for species differentiation 
from the birefringence alone. It is also found that the birefringence of softwoods is st atis-
tically higher than that of hardwoods. This implies that form birefringence contributes 
significantly to the birefringence of wood. The variability within species is still too large 
for species differentiation. It may be possible to use THz waveforms for species differen-
tiation , but it will require more det ailed measurements. 
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Chapter 5 
Extinction of Terahertz Radiation in 
Transmission Through Wood 
Chapter 4 discussed the extraction of the index of refraction from THz spectroscopic 
data to statistically extend the results obtained in Chapter 3; however , Chapter 3 also 
discussed extraction of the extinction coefficient from the transmission data. Compari-
son of the observed extinction coefficient with the theoretically derived value may resolve 
further information on the physical structure of the wood. With that in mind, this study 
focused on transmission spectroscopy of THz radiation through wood in order to eluci-
date the relative contributions of the loss mechanisms. 
5.1 Experimental Design 
The THz transmission data used in Chapter 4 to obtain the index of refraction also 
yielded the extinction coefficient. A detailed explanation of the apparatus used in this 
chapter can be found in 4.1. 
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5 .2 Analysis 
Spectral dat a from the T-Ray 4000 is analyzed as described in Section 2.3.3. As in 
Chapter 4, this method produced a plot of the THz field as a function of t ime for the 
transmitted , reference, and sample signals as shown in Figure 4.2. A fast-fourier trans-
form was performed on the t ime-domain signal in order to t ransform it into the frequency 
domain. Figure 4.3 shows the THz field as a function of frequency. As outlined in Sec-
tion 3.2 , the extinction coefficients could be determined for polarizations parallel and 
perpendicular to t he visible grain between 0.1 and 0.5 THz using equation 3.5 and the 
ratio of the sample and reference scans. The ext inction coefficient was averaged over 
110 samples and points were plotted as an average over each frequency bin of 0.01 THz. 
Each bin had a minimum of three values, where the average extinction over that interval 
was found and plotted against the corresponding mid-value of each frequency bin. The 
plotted error was one st andard deviation from the average extinction value for each fre-
quency bin. Table 5. 1 shows the average values over the frequency range of 0.1 - 0.5 THz 
for visible grain orientations parallel and perpendicular to the THz electric field . A qual-
itative exploration of the relative magnitude of the different THz extinction mechanisms 
in t ransmission through wood for all three facial orientations is the scope of this chapter. 
Table 5.1: Table of values for "'w' which is proport ional to the slope, as a function of 
frequency as well as the extinction coefficient (a) at 0.25 THz. 
Species Face Polarization "'w X 102 R2 alc!nl 
Fir Radial Perpendicular 3.8 0.91 2.75 
Fir Radial Parallel 4.5 0.91 3.58 
Fir Tangential Perpendicular 3.1 0.99 2.54 
Fir Tangential Parallel 4.1 1.00 3.40 
Fir Cross Section Perpendicular 1.7 0.48 5.27 
Fir Cross Section Parallel 1.5 0.39 5.30 
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5.2.1 THz Extinction 
In THz transmission through wood, a decrease in the detected field strength was seen. 
Dr. Reid and Dr. Fedosejevs suggested that the comparison of these detected fields 
would shed light on the extinction mechanism of terahertz in wood [3]. The signal was 
attenuated by three different mechanisms: absorption by the wood cells, absorption by 
water and scattering by the wood structure. These factors all contribute to an eventual 
loss in the signal amplitude that could be detected. By comparing the signal attenuation 
between the three faces of the wood light may be shed on the magnitude of the contri-
butions to THz extinction in wood. 
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Figure 5.1: Extinction coefficients, averaged over 110 samples of fir and birch in trans-
mission through the radial face for both polarizations and linear regression trend lines. 
As is seen in Figure 5.3, the extinction coefficients for fir in the cross sectional ori-
entation fluctuated periodically with frequency. In the cross section face the THz signal 
is incident on the top of the wood cells, rather than the longitudinal sides. As it prop-
agated through the sample it became left and right circularly polarized which mixed in 
the detection scheme to yield two peaks in the time domain, which caused the extinction 
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coefficient to be periodic. In the time domain the pulses were separated by approximately 
6 ps which lead to a modulation of 6 ~s = 0.17 THz in the frequency domain. With 
the fourier transform, the periodicity in time translates to a periodicity in frequency as 
is seen in Figure 5.3. 
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Figure 5.2: Extinction coefficient , average over 110 samples of fir in transmission through 
the tangential face for both polarizations and linear regression trend lines. 
c 
(5.1) 
Figures 5.1 , 5.2 and 5.3 show the extinction coefficient of radial, tangential and cross 
sectional fir in parallel and perpendicular orientations to THz in transmission. The rela-
tionship between THz field attenuation and frequency should be linear between 0.1 and 
0.4 THz because "'w was approximately constant at THz frequencies. This was reflected 
by the large R2 values in the linear fit on Figure 5.3 in all cases except the Fir in cross 
section (because of the periodic modulation introduced from multiple pulses). Table 5.1 
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shows the slope of the extinction coefficient (which is proportional to ri,w) , the corre-
sponding R2 value and the extinction coefficient , a at 0.25 THz. Equation 5.1 shows the 
relationship between a and ri,w where c is the speed of light , n is the index of refraction 
at the frequency v. After comparison with the equation of a line, it is concluded that 
/"i, = ~ w 41r 
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Figure 5.3: Extinction coefficients, averaged over 110 samples of fir and birch in trans-
mission through the cross sectional face for both polarizations and linear regression trend 
lines. Note the periodicity in the extinction coefficient for fir which results from multiple 
pulses in the time domain. 
By considering the mechanisms for THz attenuation in each orientation, a qualitative 
analysis of the contributions to THz extinction by the three mechanisms in transmission 
through wood can be completed. The extinction of THz by the wood cells is the process 
by which the molecules of the wood absorbs the energy of the incident THz photons 
( O:'abs) . The scattering ( O:'scatt) of the THz radiation comes from the dielectric contrast 
between the cylindrical cells of the wood and the air[30J . Lastly, the diffraction of the 
THz radiation results from the repetitive density change in the latewood rings . This 
pattern forms a density transmission grating at THz wavelengths (adiff ). 
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The absorpt ion of THz radiation in wood occurs at the molecular level. The part icles 
of the wood cells, as well as the water absorbed in the brief t ime the sample is exposed to 
the relative humidity of the lab , both contribute to the at tenuation of the THz field. In 
the THz regime, the absorpt ion is due to the molecular vibration of the wood and molec-
ular rotations of t he water molecules. These molecules absorb energy from the excitation 
of vibrational and rot ational modes of t he molecules, result ing in an attenuation of the 
transmitted radiationr241. Assuming no preferential molecular alignment , the absorption 
of the THz field should be independent of polarization but could be dependent on the 
frequency of the field. 
Another mechanism for THz attenuation in wood may arise from t he growth structure 
of the wood. The latewood is more dense than the earlywood with a separation on the 
scale of the THz wavelengths, creating a diffraction grating at THz frequencies. There are 
two things to consider when discussing diffraction: the diffraction efficiency with respect 
to polarization and the angle and intensity of t he mth order maxima ( m is an integer 
that represents the order of the diffracted beam). Diffraction efficiency is polarization 
sensit ive, when t he electric field is polarized perpendicular to the visible grating, the 
diffraction efficiency is larger than when the light is polarized parallel to the grating[24]. 
The intensity profile could be calculated by taking an average ring separation over all 
radial samples of approximately d = 2.5 mm, a wavelength of 1.2 mm at 0.25 THz and 
an angle of incidence of ei = oo in the grating equation d( sinBm + sinBi) = m>. . Only 
the first and second order maxima at diffraction angles of 01 = 29° and 02 = 74° were 
possible, where any m 2: 3 was nonphysical at 0.25 THz. Both of these maxima were 
outside the angular resolution of the detector head; however , Figure 5.4 shows the peak 
intensity for radial fir in parallel and perpendicular orientations to the electric field po-
larization as a function of angle. To produce Figure 5.4, a fibre coupled detector was 
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attached to a rotational slider and then rotated through 170° from center in both direc-
tions to give an almost 360° view of the THz field after interaction with dry wood. It 
was observed that the 1st and 2nd order maxima had a much lower intensity than the oth 
order maxima, implying a low diffraction efficiency. This indicated that the diffracted 
field was insufficient in intensity to statistically affect the attenuation of the transmitted 
THz field which implies adiff ~ 0. 
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Figure 5.4: Peak field intensity in transmission through fir as a function of angle. Small 
bumps at 30° and 75° indicate the 1st and 2nd maxima, respectively. 
The analysis of the scattering contribution to the attenuation of the transmitted THz 
field required special attention. It was appropriate to consider wood as an array air cylin-
ders in a host material consisting of dielectric cell wall material (cellulose, hemicellulose 
and lignin). The dielectric contrast between the wood and air in combination with the 
different angles of incidence for the THz field caused by the geometry of the cylinders 
resulted in scattering of the THz fieldi31J. Since scattering was dependant on geometry 
it follows that it is also polarization-dependent and depends on frequency. The quantity 
that describes the magnitude of the scattering is called the scattering cross section, CJ. 
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Equations 5.2 and 5.3 are the equations for the scattering width (which is a scattering 
cross section per unit length of an infinite cylinder) of an infinite cylindrical dielectric in 
parallel and perpendicular orientations, respectively!32J. 
(5.2) 2 [ ]2 7f a 3 Eair (Jwll = - [ka] - - 1 
4 Ell 
(5. 3) 
where a~ 20 J.Lm is approximately the radius of a fir t racheid cell!33J, k = 2; = 5240 m- 1 
at 0.25 THz is the wave number , Eair = 1 is the dielectric constant for air. Lastly, Ell and 
E.1 are the dielectric const ants of the cell walls for parallel and perpendicularly oriented 
wood. These are computed using Equation 5.4, the Bruggeman modeli7J, where the com-
plex index of refraction is obtained from the spectroscopic data. The dielectric constants 
of the cell wall , air and t he wood sample (square of the complex index of refraction) are 
Ecw , Ea and E, respectively and V cw and Va are the volume fractions of cellulose and air in 
the sample, respectively. The dielectric function for the cell walls is complex; however , 
for the purpose of calculating the scattering cross section, the imaginary part of the di-
electric function was ignored as it is an order of magnitude less than the real component 
and would therefore not strongly affect the the calculat ed scattering cross sections. The 
dielectric function of the cell walls is 
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(5.4) 
where Vcw = ~ is the volume fraction of the cell wall obtained from the density, 
Pcw-Pa 
p, Pa and Pew are the densities of the sample, air and cell wall, respectively, Vca is the 
volume fraction of air where V cw + Vca = 1 and E is the real part of the measured dielectric 
function (n2 - /'\,2 ). 
The Bruggeman model is valid when the wavelength of the incident field is much 
larger than twice the diameter of the cells . As the frequency increases from 0.25 THz to 
0.5 THz, the wavelength limit of the model is approached. As the wavelength decreases, 
the model breaks down and the magnitude of the scattering increased 8-fold due to the 
scattering width scaling as (±) 3 , which explains the positive slope and nonlinearity seen 
in Figures 5.1, 5.2 and 5.3. This observation explains why the results were analyzed at 
0.25 THz. 
From van de Hulstl34l the attenuation of the signal by an extinction mechanism is 
equal to the product of the number of scatterers (or absorbers) per unit volume and 
the scattering (or absorption) cross section. In the case of scattering from a piece of 
wood x m wide, y m thick and L m in length the following relationship , N CTscatt = qscatt, 
where N = 4~2 and qext represented the theoretical extinctions (and next the observed). 
Equation 5.5 quantifies the theoretical THz attenuation due to scattering and Equation 
5. 7 compares the theoretical scattering coefficient with the experimental attenuation to 
quantify the theoretical extinction due to absorption. 
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C7w 
qscatt = NCJ =-
4a2 
(5.5) 
(5.6) 
(5.7) 
As discussed, diffraction does not contribute to the extinction coefficient, leaving scat-
tering and absorption as the only two remaining extinction mechanisms. Table 5.1 shows 
the experimental values for the total THz extinction and Table 5.2 shows the theoretical 
extinction due to scattering. Comparing these results shows that the theoretical extinc-
tion due to scattering was about 10 percent of the total observed extinction. It was also 
seen that when the electric field was oriented parallel to the long axis of the wood cells, 
the scattering amplitude was higher. This observation was reinforced by larger scattering 
widths in the parallel orientation. Another observation is that the scattering is relatively 
the same for the the radial and tangential faces. This is expected since the cells are ori-
ented almost identically with respect to the incident THz field. Upon the comparison of 
Equations 5.6 and 5. 7 the contribution to the attenuation of the THz field by scattering 
was much less than that of absorption. 
A more complicated theoretical formulation involving distributions of sizes and ge-
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Table 5.2: Table of values for the magnitude of the theoretical THz attenuation by 
scattering and its percentage contribution to the total observed extinction. 
Species Face Polarization Qscatt l~J Qs catt X 100 [% J ll<exp Qabs [~J 
Fir Radial Perpendicular 0.24 8.72 2.51 
Fir Radial Parallel 0.25 6.98 3.33 
Fir Tangential Perpendicular 0.17 6.69 2.37 
Fir Tangential Parallel 0.20 5.88 3.20 
ometries of the scattering medium was beyond the scope of this project. While it may 
not be possible to make accurate predictions of the magnitude of the extinction mecha-
nisms, it does make sense that intrinsic molecular absorption was the primary extinction 
mechanism in dry wood. Furthermore, it was expected that this model at 0.25 THz 
was unlikely to produce results that were off by an order of magnitude, and were prob-
ably accurate within a factor of two, which would not change the conclusions drawn here. 
5.3 Summary 
Field attenuation due to scattering was present in THz transmission through wood, but 
absorption by the wood molecules was the largest contributor to the extinction coefficient 
in dry wood. It is unlikely that filling the pores of the wood with another dielectric mate-
rial to reduce the scattering will have the desired effect of increasing penetration depth. 
Table 5.2 shows that qabs was much larger than qscatt and Figure 5.4 shows that the 1st 
and 2nd order maxima do not contribute significantly to the total field attenuation at 
0.25 THz. 
It was observed that the amount of extinction does vary significantly between soft-
woods and hardwoods, as is seen in Figure 5.1. Unfortunately, the variability within 
species of the extinction coefficient implies that species differentiation is not possible 
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with the extinction coefficient alone. In conjunction with the birefringence and THz 
waveforms, it may be possible to use THz waveforms for species differentiation, but it 
will require more detailed measurements. 
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Chapter 6 
Conclusion 
As previously illustrated , wood exhibits strong birefringence at THz frequencies[3] and 
the source of this birefringence is both intrinsic , originating from the dielectric proper-
ties of the wood itself, and form , originating from the gross repetitive array of parallel 
cylindrical cells present in wood structure[6J. This study has confirmed these results and 
statistically expanded the observations of the birefringence in both reflection and trans-
mission geometries through wood. It also addressed the extinction mechanisms of THz 
in reflection and transmission through wood. 
This project was the culmination of two studies: THz in reflection off, and THz in 
transmission through, wood. These studies were performed systematically and will be 
summarized here. 
The indices of refraction and birefringence values in a reflection geometry were de-
termined. These indices of refraction ranged from 1.35- 1.50, with birefringence values 
in the range of 0.06- 0.07. These values agree with those found by Todoruk[21] Fur-
thermore, a distinction between birefringence values for softwoods and hardwoods was 
seen. This is expected from the form birefringence. Softwoods have a more ordered cell 
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orientation which would lead to a larger birefringence. Some wood products industries 
use both softwoods and hardwoods ( OSB, fibre board and pulp) which implies this result 
may be of interested to them. 
It was then found that a quantitative determination of the extinction mechanisms in 
a reflection geometry required extreme precision. Initially, extraction of the extinction 
coefficient from the dat a yielded a nonphysical result . It was found that the extinction 
coefficient was highly dependent on the positional accuracy (which was rv 15 J-lm in this 
study) between the reflecting face of the gold reference mirror and the wood sample. The 
error in the extinction coefficient was an order of magnitude larger than the expected 
coefficient which explained the nonphysical result . The required positional accuracy of 
< 1 J-lm is too unrealistic to apply THz in reflection in the wood products industry with 
the methodology considered . 
With that in mind , this project focused on THz in a transmission geometry through 
wood. The birefringence was found for five species of wood: spruce, pine, fir , aspen and 
birch. All five species are common in northern British Columbia and can be found in 
many value added wood products. Birefringence values ranged from 0.064 - 0.111 from 
0.1- 0.5 THz; however , aspen and birch (hardwoods) statistically had lower birefringence 
values (0.0773 and 0.0646, respectively) compared to the softwoods spruce, pine and fir 
(0.100 , 0.105 and 0.111 , respectively) . It was also shown the the birefringence values for 
the radial and t angential configurations were nearly the same and were zero in the cross 
sectional orientation. This was a clear result that could directly benefit applications of 
THz technology that require probing through various direction or surface orientations 
configurations. With further study, these results could lead to an industrial application 
of THz t echnology with species differentiation in mind. 
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The extinction coefficient of THz radiation in transmission through wood was then 
studied. Three contributors to the extinction coefficient were identified: diffraction, scat-
tering and absorption. In transmission though the radial and cross sectional face , the 
repetitive latewood/earlywood ring pattern may act like a diffraction grating. However, 
at THz frequencies, the diffraction efficiency was insufficient to yield a diffracted field 
that would statistically affect the attenuation of the transmitted field. 
The loss due to scattering was theoretically determined to contribute to rv 10% of 
the field attenuation. Using the Bruggeman model for an effective medium of dielectric 
infinite circular cylinders lead to the determination of the scattering cross section and 
therefore the extinction due to scattering of the wood; unfortunately it can only be ap-
plied to the radial and tangential geometries. This leaves the absorption of THz radiation 
by the molecular vibrational and rotational modes as the primary extinction mechanism 
in wood at 0.25 THz, accounting for nearly 90% of the attenuation of the signal. 
Just as with the birefringence, we also see a difference in the extinction coefficient 
between softwoods and hardwoods , as well as between field polarization; however , not be-
tween facial orientations of the wood. This meant that for transmission of THz radiation 
polarized parallel to the visible grain through the radial and tangential faces of fir , the 
extinction was found to be 2. 75 and 2.54 cm- 1 , respectively. As well, the perpendicular 
polarization yielded 3.58 and 3.40 cm-I, respectively. Given that adiff ~ 0 cm-1 and a 
very similar cellular structure between the radial and tangential faces of the wood, these 
results agreed with expectations. 
The results presented in this project provide the ground work for future applications 
of THz technology in the wood products industry. A limiting factor was the inability to 
significantly reduce the attenuation of THz field in transmission through wood since de-
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creasing the dielectric contrast does not significantly affect the attenuation. Application 
of THz technology to the wood products industry, for example the scanning of a whole 
log, may be limited due to these effects. An extending factor was the clear distinction 
between softwoods and hardwoods at THz frequencies that may lead to future applica-
tions. As well , further research on THz in reflection could be accomplished if an opaque 
window were to be placed on the face of the wood sample such that the phase difference 
could be precisely known. Continuing the study of the extinction mechanisms with a 
more complicated theoretical formulation of the effective medium involving distributions 
of sizes and geometries of the scattering medium is another potential research area. Most 
importantly for industrial application, research into the interaction of THz radiation with 
wood and wood products at different moisture contents is needed. These avenues of re-
search could extend the applications of THz technology in the wood products industry 
beyond that of density mapping. 
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